Tat systems transport completely folded proteins across ion-tight membranes. Three membrane proteins comprise the Tat machinery in most systems. In thylakoids, cpTatC and Hcf106 mediate precursor recognition, whereas Tha4 facilitates translocation. We used chimeric precursor proteins with unstructured peptides and folded domains to test predictions of competing translocation models. Two models invoke protein-conducting channels, whereas another model proposes that cpTatC pulls substrates through a patch of Tha4 on the lipid bilayer. The thylakoid system transported unstructured peptide substrates alone or when fused to folded domains. However, larger substrates stalled before completion, some with amino-and carboxylfolded domains on opposite sides of the membrane. The length of the precursor that resulted in translocation arrest (20 to 30 nm) exceeded that expected for a single 'pull' mechanism, suggesting that a sustained driving force rather than a single pull moves the protein across the bilayer. Three different methods showed that stalled substrates were not stuck in a channel or even associated with Tat machinery. This finding favors the Tha4 patch model for translocation.
Introduction
Tat protein transport systems can transport folded proteins, using only the proton gradient as energy source (Berks et al, 2003; Muller and Klosgen, 2005; Lee et al, 2006; Cline and Theg, 2007) . Tat systems are found in thylakoid membranes of plant and algal chloroplasts, in the cytoplasmic membranes of most bacteria, and even in certain archaea. The Tat system derives its name from an essential twin arginine motif in the signal peptides of its precursors. Tat transport machinery in thylakoids (called cpTat) consists of three membrane proteins; Tha4, Hcf106, and cpTatC Cline and Theg, 2007) . Bacterial and archaeal orthologs are called TatA, TatB, and TatC, respectively. Several studies have shown that precursors bind to a large (B700 kDa) cpTatC-Hcf106 receptor complex Alami et al, 2003; Gerard and Cline, 2006) . This triggers assembly of a Tha4 oligomer to form the translocase (Mori and Cline, 2002; Dabney-Smith et al, 2006) . After the substrate is transported, Tha4 dissociates. The proton gradient is required for the assembly of Tha4 with precursor-cpTatC-Hcf106 (Mori and Cline, 2002) , and presumably for the translocation step, because a counterflow of protons is energetically coupled to protein transport (Alder and Theg, 2003) . Thus, Tat systems must be able to transport folded proteins with varying diameters across an essentially sealed membrane without opening nonspecific leaks (Teter and Theg, 1998) . This implies that the conduit across the membrane must tightly fit the shape of the substrate.
Competing models for the operation of Tat systems make specific predictions for the behavior of different substrates during translocation. Models proposing transmembrane channels are based on single-particle imaging studies of detergent-solubilized Tat complexes. In particular, a homooligomeric TatA complex appeared as a collection of channellike structures with a range of internal diameters that theoretically could accommodate the range of Eschericha coli Tat pathway precursors (Gohlke et al, 2005) . TatABC complexes appeared as large particles with stain-filled centers that were suggested to provide at least part of protein-conducting channels (Oates et al, 2003) . Channel mechanisms predict that nonspecific ion leaks may occur during transport of a substrate with a large variation in cross-sectional area, and that stalled substrates, that is, those failing to complete translocation, would remain lodged in the channel.
An opposing model proposes that TatC (cpTatC) undergoes a conformational change that pulls the precursor across the membrane (Bruser and Sanders, 2003) . Transmembrane passage would be facilitated by a patch of TatA (Tha4) assembled adjacent to the precursor-bound TatCB (cpTatC-Hcf106). TatA (Tha4) amphipathic helices might facilitate translocation by destabilizing the bilayer (Shai, 2002) , or by folding into the bilayer in response to the pulling motion (Dabney-Smith et al, 2006) . This model is supported by the finding that the size of the Tha4 oligomer assembled with the receptor complex depends only on the signal peptide (Dabney-Smith et al, 2006) (C Dabney-Smith and K Cline, in preparation), indirect evidence that TatA inverts its topology during transport (Gouffi et al, 2004) , and the observation that a precursor covalently anchored to cpTatC through its signal peptide can be efficiently transported (Gerard and Cline, 2006) . Although such a mechanism should accommodate a substrate with a varying cross sectional area without opening leaks, it would likely be limited in the length of protein that it could completely move across the membrane. This model also predicts that stalled substrates may not be associated with the Tat machinery.
Distinguishing which model more closely represents the operation of the Tat system might come by studying substrates with varying lengths and diameters, some of which would stall during translocation. Our lab previously constructed such a precursor protein, consisting of the full length precursor to OE17 (pOE17) fused to protein A from Staphylococcus aureus via a long linker peptide (Fincher, 2001) . Although this chimeric precursor stalled midway across them membrane, its linker contained short hydrophobic segments that might be misidentified by the translocase as transmembrane domains (Summer et al, 2000; Molik et al, 2001) .
Here, we used defined linker peptides that are both unstructured and polar. We found that the cpTat system can transport unstructured peptides alone and in combination with folded protein domains. We also found that certain chimeric precursor proteins stalled during translocation. The nature of the translocation stalling (or arrest) indicated that the cpTat system is limited to some extent by the length of the protein substrate, and terminates translocation when the length exceeds a threshold (20-30 nm). Finally, we analyzed proteins whose translocation stalled mid transport, and found no evidence that such substrates were stuck in a channel or even associated with components of the machinery. These results favor a channel-less transport model, but suggest a sustained driving force for protein movement, rather than a single contact pulling mechanism.
Results pOE17-GS-protA is partially transported by the cpTat pathway, and is arrested with its N terminus on the trans side of the membrane, and its C terminus on the cis side of the membrane Tandem repeats of the pentapeptide (Gly) 4 Ser (termed GS) were used as the unstructured peptides; OE17 and protein A from S. aureus were used as the folded protein domains. GS repeats have served as flexible linkers and shown to be unstructured (Kortt et al, 1994) . OE17 is a natural cpTat substrate that folds in vitro (Musser and Theg, 2000) . In vitro translated OE17 was shown to be folded by partial resistance to limited proteinase K treatment ( Supplementary  Figure 1) , as described (Musser and Theg, 2000) . In vitro translated protein A was partially resistant to limited proteinase K treatment (Supplementary Figure 1) , and also efficiently bound to IgG Sepharose (data not shown), further supporting that it is folded.
Our first objective was to determine if a defined unstructured linker between pOE17 and protein A would result in translocation arrest, as had previously been seen (Fincher, 2001) . Constructs containing three (GS3). Nine (GS9), and 15 (GS15) GS repeats were prepared ( Figure 1A ). pOE17-GS3-protA was efficiently imported into chloroplasts ( Figure 1B , lanes 2 and 3), localized to thylakoids (lane 5), and processed to mature size. If the import reaction was conducted in the presence of ionophores to dissipate proton gradients, the imported protein accumulated in the stromal fraction (lanes 8-11), indicating that transport was mediated by the cpTat system. Thermolysin treatment of recovered thylakoids gave rise to a smaller degradation product ( Figure 1B , lane 6, asterisk) that was larger than mature OE17 (mOE17) and smaller than protein A, suggesting that it contained the linker and mOE17. The degradation product was not inherently resistant to protease, because thermolysin treatment completely degraded mOE17-GS3-protA if the membrane barrier was disrupted with Triton X-100 (lane 7), or by sonication (Supplementary Figure 2) . The precursor, in the absence of thylakoids, was also completely degraded by a comparable amount of thermolysin (Supplementary Figure 2) .
Transport properties of constructs with the three different linkers were compared with a washed thylakoid transport assay. Figure 1C shows that the three precursors were processed by thylakoids to mature size (lanes 2, 6 and 10) and gave thermolysin degradation products of increasing size as the linker size increased (lanes 3, 7, 11 and asterisks). Timecourse analysis showed that the partially transported proteins Figure 1 Chimeric precursor proteins containing pOE17, linkers consisting of repeats of the peptapeptide GGGGS, and protein A are arrested mid transport by the cpTat pathway. (A) Diagrammatic representation of the chimeric precursor proteins used in this experiment. (B) Import of pOE17-GS3-protA into intact chloroplasts. In vitro translated pOE17-GS3-protA (lane 1) was incubated with intact chloroplasts in an import assay, in the absence (lanes 2-7) or presence (lanes 8-11) of nigericin and valinomycin (Materials and methods). Recovered chloroplasts were either treated with thermolysin (lane 3) or not (lane 2), and intact chloroplasts repurified. The untreated chloroplasts were lysed and fractionated into a stromal fraction (lanes 4 and 9) and a thylakoid fraction (lanes 5 and 10). Aliquots of the thylakoid fraction were treated with thermolysin in the absence (lanes 6 and 11) or presence of 1% Triton X-100 (lane 7). (C) Transport of pOE17-GS (3-15) -protA into washed thylakoids. In vitro translated precursors (lanes 1, 5 and 9) were incubated with washed thylakoids in a transport assay (Materials and methods). Recovered thylakoids were mock treated (lanes 2, 6 and 10) or treated with thermolysin, in the absence (lanes 3, 7 and 11) or presence of 1% Triton X-100 (lanes 4, 8 and 12). Translation products (tp) represent 5% of assays; all other samples represent 100% of assays. Designations: p, precursor; m, mature form; DP, degradation product; mk, mock treatment. Asterisks indicate the protease resistant degradation products.
are end products of the transport reaction rather than intermediates (Supplementary Figure 3) .
The identity of degradation products was determined by immunoprecipitation ( Figure 2 ). Thylakoids recovered from a transport assay with pOE17-GS15-protA were protease treated, solubilized with SDS, and immunoprecipitated under denaturing conditions. DP-GS15 was immunoprecipitated by an antibody to OE17 (Figure 2 , lane 4), but not by an irrelevant antibody (lane 5). The irrelevant antibody was included as a control, because protein A binds to any rabbit IgG. As expected, mOE17-GS15-protA was immunoprecipitated by either the irrelevant antibody or by anti-OE17 (Figure 2, lanes 6 and 7). These results indicate that the OE17 moiety of pOE17-GS15-protA was transported across the thylakoid membrane to the lumen, whereas the protein A moiety remained on the cis side of the membrane.
The cpTat pathway efficiently transports unstructured polypeptides Translocation arrest of the chimeric precursors might result from inability of the cpTat system to transport unstructured peptides, from inability to transport protein A, or from the combination of the two domains in the same precursor. To examine the first possibility, the pOE17 transit peptide (Tp) was fused to the GS15 linker (75 residues) and 47 N-terminal residues of the OE17 mature protein (for the purposes of radiolabeling, and as a protease-sensitive tag) ( Figure 3A ). These 47 residues appear largely unstructured in the OE17 crystal structure (Calderone et al, 2003; Balsera et al, 2005) . As shown in the thylakoid transport assay in Figure 3B , Tp-GS15-47 was efficiently processed to mature size (lane 2), recovered with thylakoids (lane 3), and protected from thermolysin post-treatment (lane 5). In addition, mGS15-47 was not removed from thylakoids by alkaline extraction with 0.2 M Na 2 CO 3 (lane 7), which strips peripheral proteins from the stromal surface of thylakoids (Voelker and Barkan, 1995) . Figure 4) , indicating that precursors with the unstructured linker in place of the OE17 folded domain engage the cpTat system in a similar manner as a natural cpTat substrate. These results demonstrate that the cpTat system can efficiently transport unstructured polypeptides as long as 120 residues. Furthermore, they rule out the unlikely possibility that the unstructured GS15 peptide is treated by the translocase as a transmembrane domain.
Transport of Tp-GS15-47 required Tha4 (Supplementary
Transport arrest resulting from long unstructured peptides fused to protein A To determine if cpTat can transport protein A, a chimeric precursor protein (Tp-protA) consisting of the OE17 transit peptide linked to protein A through a short spacer peptide was prepared, as were chimeric precursors in which the three GS linker peptides were placed between the transit peptide and protein A ( Figure 4A ). The thylakoid transport assay in Figure 4B shows that Tp-protein A was efficiently processed to mature size by thylakoids ( Figure 4B lanes 2 and 3) , but only about 30% the mature protein was protected from thermolysin post-treatment (compare lanes 5 and 6) or resistant to sodium carbonate (lane 4). Interestingly, the precursor with the GS3 linker was transported more efficiently; B45% of the processed protein was resistant to thermolysin post-treatment ( Figure 4C , compare lanes 5 and 6). The chimeric precursors with GS9 and GS15 linkers were very efficiently processed by thylakoids ( Figure 4D and E, lanes 2 and 3), but were completely degraded by protease ( Figure 4D and E, lane 6), and removed by the alkaline washes ( Figure 4D and E, lane 4). Precursor processing to mature size was due to partial transport, because no Figure 2 The OE17 moiety of pOE17-GS15-protA is transported across the thylakoid membrane, whereas the protein A moiety remains on the stromal side of the thylakoid membrane. Thylakoids recovered from a transport assay (Materials and methods) with pOE17-GS15-protA were thermolysin treated (lane 3) or not (lane 2), as shown below the panel, and were subjected to denaturing immunoprecipitation (IP, lanes 4-7) with antibodies to OE17, or an irrelevant antibody, as described in Materials and methods and depicted below the panel. Translation product (lane 1), 2% of assay; thylakoids and thermolysin-treated thylakoids, 50% of assays; eluates from the antibody beads, 100% of assays. processing of Tp-GS15-protA occurred when the assay contained ionophores ( Figure 4E, lanes 8-11) . These results indicate that cpTat can transport protein A, albeit inefficiently. They also indicate that precursors with longer unstructured peptides in front of protein A are transported sufficiently for the thylakoid processing protease to cleave the signal peptide, but that transport stalls before protein A crosses the membrane.
Transport of chimeric precursors with mOE17 as the carboxyl proximal folded domain
Similar linker constructs were prepared with mOE17 to determine if the translocation arrest was specific to protein A as the folded domain. The resulting pOE17-GS-mOE17 precursors were efficiently processed by thylakoids, but only a moderate percentage of the processed protein exhibited translocation arrest, as evidenced by the characteristic thermolysin degradation products ( Figure 5B , lanes 1-6, asterisks). The percentage of arrested protein increased with linker length, but was substantially less than the 100% arrest observed for all of the pOE17-GS-protein A (compare lanes 1-6 with lanes 9-14 and numbers below the lanes). One possible explanation for this difference is that protein A is longer than OE17. Protein A contains multiple repeats of the IgG binding domain (Gouda et al, 1992) , and recent smallangle X-ray scattering analysis of a four-repeat protein A indicated that it is a 12 nm elongated protein (Dr Jean van den Elsen, personal communication). The protein A used here contains four and 2/3 repeats, or an estimated 14 nm length. Because OE17 is only 4.5 nm long (Calderone et al, 2003; Balsera et al, 2005) , most of the chimeric OE17 precursors are shorter than chimeric protein A precursors.
The effect of length was tested by replacing the mOE17 C-terminal folded domain of pOE17-GS15-mOE17 with an mOE17 dimer in which the two monomers were connected by a GS3 linker. The resulting pOE17-GS15-(mOE17) 2 was arrested during thylakoid transport similar to the analogous protein A construct. As shown in Figure 5A , pOE17-GS15-(mOE17) 2 was efficiently processed by thylakoids (lane 2) and largely degraded by thermolysin post-treatment to a B30 kDa degradation product (lane 3), the same size as the pOE17-GS15-protA degradation product ( Figure 5B ), indicating that arrest occurred primarily on the GS15 linker. Longer exposure of the gel revealed degradation products larger than B30 kDa ( Figure 5A , lane 5), suggesting that some arrest occurred within the OE17 dimer. In the parallel transport assays shown in Figure 5B , 92% of mOE17-GS15-(mOE17) 2 was arrested mid transport (lanes 7 and 8). , and Tp-GS15-protA (panel E), as described (Materials and methods). Aliquots of the assay mixtures were removed (lanes labeled assay) and the recovered thylakoids were analyzed directly, extracted with 0.2 M Na 2 CO 3 , mock treated (designated mk), or treated with thermolysin, in the absence or presence of 1% Triton X-100, as shown below the panels and described (Materials and methods). The assay in lanes 9-11 of panel E was conducted in the presence of nigericin and valinomycin. Translation product (tp) represents 7.5% of assays, the assay mixture, 50% of assays, and other samples, 100% of assays.
We also prepared a precursor that consisted of the transit peptide, the GS15 linker, and the OE17 dimer, Tp-GS15-(mOE17) 2 , and compared the transport efficiency of all of the Tp-GS-substrates with parallel thylakoid transport assays. An example is shown in Figure 6A . Increases in linker length in front of mOE17 resulted in a small but progressive reduction in the amount of processed GS-mOE17 protein that was resistant to thermolysin post-treatment (lane 5, compare to lane 4). There also was concomitant appearance of smaller protease degradation products (lanes 5, asterisks).
Transport arrest correlates in part with the length of the precursor In Figure 6B (upper panel), the percentage of completed transport (i.e., the percentage of processed protein protected from thermolysin) was plotted against the estimated length of the Tp-GS-X precursors, as shown in Figure 6A . Increasingly longer linkers inhibited complete transport regardless of whether OE17 or protein A was the folded protein domain. However, each series described a different inhibition curve. The Tp-GS-protein A series showed effects on transport at about 20 nm; the Tp-GS-mOE17 series showed effects at 30-40 nm. This suggests that other factors influence transport efficiency. One possibility is that translocating substrates interact with either a channel wall or the lipid bilayer, resulting in a 'molecular drag'. Such a drag effect would be proportional to the surface area of the substrate. The substrate domains were modeled as cylinders and the estimated surface area was plotted against completed transport ( Figure 6B , lower plot). This gave a more continuous relationship for the Tp-GS-mOE17 and the Tp-GS-protein A series, and described a threshold value of 60 to 80 nm 2 , above which transport was arrested before the folded domain crossed the membrane. Similarly, plotting surface area against percentage of completed transport for the pOE17-GS-folded domain substrates (i.e., those in Figure 5B ) also gave a threshold value of 60 to 80 nm 2 , above which transport was arrested between the two folded domains ( Figure 6C ). These values specifically refer to the thresholds for the in vitro cpTat transport reaction, which may be less efficient than cpTat transport in vivo. For example, of known and predicted substrates of cpTat, polyphenol oxidase (B60 kDa) is the largest. If treated as a sphere, its surface area of B85 nm 2 is just outside of the acceptable range of Figure 6B . However, we have not achieved significant polyphenol oxidase transport in vitro (data not shown).
Translocation-arrested substrates are not associated with the cpTat machinery
For most protein transport systems, substrates whose translocation is arrested remain associated with the protein-conducting channel (Eilers and Schatz, 1986; Joly and Wickner, 1993; Mothes et al, 1994; Schnell et al, 1994) . This has allowed the identification of channel components. In order to determine if stranded Tat substrates are associated with the Tat machinery, several different approaches were taken.
Blue native polyacrylamide gel electrophoresis (BN-PAGE) of digitonin-solubilized thylakoids resolves stable cpTat component and precursor-component associations ). The possibility that arrested substrates were stably associated with cpTat components was tested by BN-PAGE of digitonin-solubilized thylakoids from transport assays with pOE17-GS15-(mOE17) 2 ( Figure 7A ). The arrested mOE17-GS15-(mOE17) 2 migrated mostly as a lower-molecularweight smear ( Figure 7A, lanes 2-11) . Essentially, the same migration resulted from merely mixing pOE17-GS15-(mOE17) 2 with a thylakoid digitonin extract ( Figure 7A , lane 1).
Aliquots of digitonin extracts were also incubated with IgGs against cpTat components before BN-PAGE to retard the migration of complexes that contained cpTat components. The method is shown in Figure 7B , where IgGs to Hcf106 or cpTatC retarded the migration of the B700 kDa receptor complex-bound tOE17 V-20F precursor (lanes 2 and 3), and IgGs to Tha4 retarded the migration of the B300 kDa Tha4 complex (lane 9). The migration of mOE17-GS15-(mOE17) 2 was unaffected by any of the IgGs used ( Figure 7A , lanes 3-6 Figure 5 Transport of pOE17-GS-mOE17, pOE17-GS15-(mOE17) 2 , and pOE17-GS-protA into thylakoids. (A) pOE17-GS15-(mOE17) 2 was incubated with washed thylakoids in a transport assay. Recovered thylakoids were either mock treated (mk) or treated with thermolysin, in the absence or presence of 1% Triton X-100, as shown below the panels. The gel in the right panel was exposed to film for three times as long as the left panel. (B) Concurrent assay of all precursors in parallel washed thylakoid transport assays. Recovered thylakoids were mock treated (mk) or treated with thermolysin, as shown. All panels were from the same gel, but exposed to film for different times, to adjust for different translation efficiencies. Numbers below the lanes represent the percentage of processed protein that was arrested mid transport. This was calculated from the DPM of the degradation product adjusted for the number of leucine residues in the mature protein versus degradation product. Translation products represent 6.5% and all other samples represent 100% of the assay mixtures. and 8-11), indicating that arrested substrates do not form detergent stable associations with cpTat components.
Chemical crosslinking and co-immunoprecipitation successfully capture both stable and detergent-labile associations among cpTat components (Mori and Cline, 2002) . The homobifunctional crosslinkers DSP (membrane permeable) and DTSSP (membrane impermeable) were used to assess if any detergent-labile associations existed between the arrested substrate mOE17-GS15-(mOE17) 2 and cpTat components (Figure 8 ). Crosslinker concentrations were chosen to produce nearly complete crosslinking to larger products ( Figure 8A, lanes 2 and 10) , and crosslinked samples were subjected to denaturing immunoprecipitation with antibody beads. Figure 8A shows that essentially none of the cross- Tables 1 and 2 ). The lengths used were as follows: OE17, 4.5 nm; protein A, 14 nm; and the GGGGS linkers, 0.33 nm per residue. Surface area was estimated as the surface of cylinders with the diameter of OE17 as 1.5 nm, protein A as 1.2 nm, and the GGGGS linker as 0.2 nm. (C) Plot of estimated surface area versus the percentage of completed transport of the pOE17-GS-X series in the experiment shown in Figure 5 . linked mOE17-GS15-(mOE17) 2 was immunoprecipitated with any cpTat component (lanes 4-6; lanes 12-14) . Indeed, more crosslinked protein was immunoprecipitated by negative controls for nonspecific interaction, aAlb3 (lanes 7 and 15) and aOE23 (lanes 8 and 16) . The efficacy of the immunoprecipitation is shown in Figure 8B , where the crosslinked receptor-bound tOE17 V-20F was efficiently immunoprecipitated by anti-cpTatC or anti-Hcf106 (lanes 4 and 5), and crosslinked Tha4 was immunoprecipitated by anti-Tha4 (lane 12).
The above experiments indicate that the arrested substrates are not associated with any cpTat components.
However, as a functional test for association with the cpTat machinery, we asked if large quantities of transport-arrested substrate impaired subsequent transport of a second precursor, tOE23. In the experiment shown in Figure 9 , 10 000 molecules of mOE17-GS9-protA were incorporated per thylakoid ( Figure 9A , lanes 1-3; Materials and methods). A parallel assay conducted with pOE17 (lanes 4-6), resulting in B17 000 molecules transported per thylakoid, and a second parallel assay conducted with mock translation mixture, served as controls. No difference in the transport of tOE23 was apparent among the three sets of thylakoids (lanes 8-13) . A time course of tOE23 transport from 0 to 10 min was essentially identical for mOE17-GS9-protA containing thylakoids and mOE17 containing thylakoids (Supplementary Figure 5) . This indicates that the transport-arrested substrate did not impair subsequent transport of other precursors.
The membranes recovered from the first transport reactions ( Figure 9A) were also examined for their ability to generate and maintain a DpH ( Figure 9B ). The three sets of membranes were illuminated with steps of increasing intensity of actinic light and the DpH was determined by fluorescence quenching of 9-aminoacridine (Mills, 1986) . Figure 9B shows that thylakoids from the three treatments gave virtually identical DpH curves, indicating that arrested substrate did not impair the integrity of the membrane to ion leakage.
Discussion
The present study was undertaken to address models for cpTat transport and their inherent predictions. Models that invoke proteinaceous translocation channels predict difficulty in transporting a substrate that varies significantly in cross sectional area, and that stalled substrates would remain associated with the channel components. A model suggesting that TatC (cpTatC) pulls precursors through a Tha4 patch on the membrane predicts difficulty in transporting long precursors. Our approach examined cpTat transport of chimeric precursors that contained unstructured peptides in combination with folded protein domains. The notion that Tat systems can transport unfolded proteins has been controversial (Hynds et al, 1998; Richter and Bruser, 2005; Lee et al, 2006) . Although the results reported here clearly demonstrate that the cpTat system can efficiently transport unstructured peptides as long as 120 residues, an unstructured synthetic peptide may have significantly different properties that an unfolded bona fide protein.
More relevant to the objectives of our study is the finding that the cpTat system can efficiently transport certain precursors containing both folded and unstructured protein domains (Figures 5 and 6) . The fact that a precursor containing folded domains flanking a long unstructured peptide was transported with moderate efficiency (Figure 5B ), and that membranes with an arrested substrate are fully capable of generating and maintaining a DpH (Figure 9B ), indicates that the translocation pathway is able to adjust the opening rapidly to maintain a tight seal. Otherwise, proton leakage incurred during the transition from folded to unstructured regions would dissipate the proton gradient required for translocation.
On the other hand, some precursors, especially chimeric proteins containing protein A, were more likely to stall before completing translocation (Figures 1, 4-6 ). This may be due to Figure 7 Attempt to detect association of arrested substrates with cpTat components by BN-PAGE and antibody mobility shift. Thylakoids recovered from a chloroplast import assay or thylakoid transport assay with pOE17-GS15-(mOE17) 2 , a binding assay with tOE17 V-20F, or an integration assay with Tha4 (Materials and methods), were solubilized with 0.75% digitonin and the soluble extracts (10 ml) incubated with 2 ml of buffer or 2 ml (8 mg) of IgG for 90 min on ice. Samples were then subjected to BN-PAGE and fluorography. (A) pOE17-GS15-(mOE17) 2 . Lane 1 contains 2 ml of translation product mixed with 10 ml of a digitonin extract of mockincubated thylakoids. Lanes 2-6 contain solubilized membranes from the import assay incubated with buffer (lane 2) or IgGs, as shown above the panel. Lanes 7-11 contain solubilized membranes from the thylakoid transport assay incubated with buffer (lane 7) or IgGs, as shown. (B) Lanes 1-5 contain solubilized membranes from the tOE17 V-20F binding assay and lanes 6-10 contain solubilized membranes from the Tha4 integration assay. Molecular weight markers were ferritin (440 and 880 kDa) and bovine serum albumin (66 and 132 kDa). Protease treatment of thylakoids indicated that mOE17-GS15-(mOE17) 2 was 77% transport-arrested in the import assay, and 81% arrested in the thylakoid transport assay. the length of protein A, because longer precursors were more likely to stall (Figure 6 ). This superficially supports a pulling mechanism for translocation. Because only the signal peptide has been found to interact with Tat components, a single contact power stroke for the hypothetical pulling has been envisioned. Such a stroke has been demonstrated for Colicin Ia, which undergoes a large conformational change in response to the membrane potential and carries a peptide segment across the bilayer (Kienker et al, 2003) . However, such a movement is unlikely to pull proteins or peptides much longer than the thickness of the membrane, that is, 5-7 nm. The effects of length on cpTat were apparent at B20 nm for protein A-based precursors, and 30 to 40 nm for OE17-based precursors ( Figure 6B ), and these substrates had folded domains at the carboxyl end of the unstructured peptides. This suggests a more sustained translocation force to move the protein across the membrane. If so, then one or more cpTat components must interact with the mature protein domain of the substrate during translocation. Thylakoids from a transport assay with pOE17-GS15-(mOE17) 2 , a binding assay with tOE17 V-20F, or an integration assay with Tha4 were subjected to crosslinking with the indicated amounts of DTSSP or DSP (Materials and methods). Thylakoids were recovered, dissolved in 1% SDS, and subjected to immunoprecipitation (Materials and methods). Elution from the antibody beads was with SDS buffer containing b mercaptoethanol (BME) as shown above the panels to break the crosslinker. (A) Immunoprecipitation of crosslinked mOE17-GS15-(mOE17) 2 was as designated above the panels. The relative amounts of samples loaded were as follows: translation product (tp, lanes 1 and 9), 4% of the transport assay; the input to the immunoprecipitations in the absence (lanes 2 and 10) or presence (lanes 3 and 11) of BME, 20% of the assay; and the antibody eluates, 100% of the assay. Thermolysin treatment of the thylakoids indicated that 90% of mOE17-GS15-(mOE17) 2 was transport arrested. (B) Thylakoid-bound tOE17 V-20F and thylakoid integrated Tha4 were crosslinked with 0.5 mM DSP and subjected to immunoprecipitation with antibody beads as shown above the panels and described in (A). Sample loading was the same as in (A).
Finally, we asked if arrested substrates are associated with the cpTat machinery. Three different approaches were taken in an attempt to detect such associations. BN-PAGE of digitonin-solubilized membranes ( Figure 7 ) and chemical crosslinking and immunoprecipitation (Figure 8 ) did not find either detergent-stable or detergent-labile association between a stalled substrate and any cpTat component. We also did not find any effect on either the ability to transport other cpTat-directed precursors or the ability to generate and maintain a DpH, when an arrested substrate was present at about 10 000 per thylakoid (Figure 9 ). Asai et al (1999) previously reported that B15 000 partially transported substrates per thylakoid blocked subsequent cpTat transport, and our recent studies found that a tightly bound, non-transported signal peptide substantially inhibited subsequent cpTat transport when present at much less than 5000 copies per thylakoid (F Gerard and K Cline, in preparation) . Given these considerations, we feel that the 10 000 molecules of mOE17-GS9-protA should have produced some inhibitory effect if they were lodged in translocation channels. Taken together (Figures 7-9 ), these findings argue against a stable protein transport channel such as the Sec and organelle import channels. Any hypothetical cpTat channel would have to be highly dynamic, capable of adjusting internal diameter during transport of a single protein, and transient, immediately disassembling or dissociating from stalled substrates. Given these constraints and the apparent properties of suggested Tat channels (Oates et al, 2003; Gohlke et al, 2005) , we think it more likely that cpTat transport occurs through an infolding of the amphipathic helices of a Tha4 patch, or directly through a destabilized lipid bilayer.
Materials and methods

Construction of precursors
Transcription clones for pOE17 and tOE23 (Henry et al, 1997) , tOE17 V-20F (Gerard and Cline, 2007) , and mTha4 (Fincher et al, 2003) are as described. The clone for protein A (pS/protA) was generously provided by Dr Danny Schnell (University of Massachusetts, Amherst). pS/protA (Schnell and Blobel, 1993) contains the coding sequence for the precursor to the small subunit of Rubisco from pea fused to the sequence encoding amino acids À10 to 271 of S. aureus protein A. The clone Tp-protA was constructed from the pOE17 transit peptide (Tp) and the entire protein A moiety of pS/ protA by SOE (Horton et al, 1989 ) with a KpnI restriction site at the junction, resulting in a junction amino-acid sequence of ySQAAR AGTQCIDSGGVy. DNA sequences for unstructured linkers consisting of 3, 9, and 15 GGGGS repeats were synthesized by GENEART (Toronto). The linkers contained 5 SpeI and 3' BglII restriction sites encoding the amino-acid sequence TS(GGGGS) n RS. Chimeric precursors containing unstructured linkers were prepared by cassette cloning, in which complementary SpeI and BglII restriction sites were introduced into the relevant domains of pOE17 and protein A by QuikChange (Stratagene) mutagenesis. The transit peptide (Tp) cassette contained the entire transit peptide, ending at ySQAARA, with a 3 0 SpeI restriction site. The mOE17 cassette contained a 5 0 BglII site and began with the start of the mature OE17 protein sequence ETVKTIKIGy. The protein A cassette contained a 5' BglII site and began with the exact start of mature protein A, AQHDEAQQNAy. Clones for the chimeric precursors were prepared by subcloning the above described cassettes, and were verified by restriction digests and in vitro transcription/translation. The clone for pOE17-GS15-(mOE17) 2 was constructed by mutating the stop codon of pOE17-GS15-mOE17 to an XbaI restriction site, and subcloning the cassette for GS3-mOE17 into the XbaI site, generating the amino-acid sequence. yAKLGSS (GGGGS) 3 RS followed by the mOE17 domain. Tp-GS15-(mOE17) 2 was created by exchange of the Tp cassette for the pOE17 cassette of pOE17-GS15-(mOE17) 2 . Tp-GS15-47 was created by mutating the codon for residue 47 of the mature OE17 domain of Tp-GS15-mOE17 to a stop codon. The above clones were in the SP6 orientation of pGEM 7Zf (Tp-based clones) or pGEM 4Z (pOE17-based clones). DNA was purified with QIAprep kits (Qiagen), used for production of capped RNA with SP6 polymerase (Promega), or used directly in wheat germ TnT (Promega). All clones with nucleotide changes induced by PCR-based techniques were sequenced by the University of Florida Interdisciplinary Center for Biotechnology Research DNA Sequencing Core Facility. See Supplementary data for a more detailed explanation of the cloning procedure.
Preparation of radiolabeled precursors
Unless otherwise stated, all precursor proteins were prepared by coupled transcription/translation with the wheat germ TnT system (Promega), in the presence of 3 H-labeled leucine (NEN Life Science Products). Where indicated, translation of capped RNA was with home-made wheat germ (Cline, 1986) . Translation products were adjusted to 30 mM leucine in import buffer (IB), 50 mM HEPES- Figure 9 Transport-arrested pOE17-GS9-protA neither interferes with subsequent transport by the cpTat system, nor does it impair the ability to generate and maintain a thylakoidal DpH. (A) Chloroplast lysate was incubated with in vitro translated pOE17-GS9-protA (lane 1), pOE17 (lane 4), or mock TnT translation in the light. After 20 min, each assay was supplemented with additional precursor or mock translation extract, and the incubation continued for 15 min. Thylakoids were recovered by centrifugation and washed. Aliquots of thylakoids were analyzed directly (lanes 2 and 5) or thermolysin treated (lanes 3 and 6), or incubated with the cpTat precursor tOE23 (lane 7) in a second transport reaction for 15 min in the light (lanes 8-13). The amounts of pOE17-GS9-protA and pOE17 transported in the first transport incubation were determined by scintillation counting of extracted gel bands and quantitative immunoblotting to be B10 000 molecules of mOE17-GS9-protA per chloroplast equivalent and B17 000 molecules of mOE17 per chloroplast equivalent. The relative amounts of tOE23 transported in the second incubation (shown below the mOE23 band) were normalized to the amount present in the mock-treated thylakoid assay, which was set at 100. (B) Thylakoids from the first transport incubation (panel A) were examined for the ability to generate a DpH (Materials and methods). The light intensities in sequential steps were as follows: 1.5, 3, 5, 6.5, 14, 28 , and 50 mE/ m 2 -sec, respectively. Traces represent the average of two independent measurements.
